Scale-free ͑SF͒ networks exhibiting a power-law degree distribution can be grouped into the assortative, dissortative, and neutral networks according to the behavior of the degree-degree correlation coefficient. Here we investigate the betweenness centrality ͑BC͒ correlation for each type of SF networks. While the BC-BC correlation coefficients behave similarly to the degree-degree correlation coefficients for the dissortative and neutral networks, the BC correlation is nontrivial for the assortative ones found mainly in social networks. The mean BC of neighbors of a vertex with BC g i is almost independent of g i , implying that each person is surrounded by almost the same influential environments of people no matter how influential the person may be.
tral mixing on their degree, appears in in silico networks such as the BA model and the copying model ͓8͔ with ␥ ϭ3.
While degree is a fundamental quantity describing the topology of the SF network, it was shown that the BC is another important quantity to characterize how influential a vertex is in communications between each pair of vertices ͓9,10͔. To be specific, let us suppose communication paths between a pair of vertices (i, j) are the shortest pathways and let the number of such pathways denoted by c (i, j) . Among them, the number of the shortest pathways running through a vertex k is denoted by c k (i, j) and the fraction by g k (i, j) ϭc k (i, j)/c (i, j) . Then the BC of the vertex k is defined as the accumulated amount of g k (i, j) over all pairs, i.e., g k
The BC distribution follows a power law for SF networks, p b (g)ϳg Ϫ , where g means BC and the exponent turns out to be robust as either Ϸ2.2 or ϭ2.0, independent of the degree exponent as long as 2Ͻ␥р3 ͓11,12͔.
For the BA-type model, it was shown that the BC is related to the degree via the relation ͓11͔
Thus the vertices with larger degree are much more influential to others in communications. Due to this relation, one may think that the BC-BC correlation would behave similarly to the degree-degree correlation. In this paper, we report that while for the dissortative and neutral network, the BC-BC correlation coefficients behave similarly to the degree-degree correlation coefficients, for the assortative network, the degree-BC relation Eq. ͑1͒ is nontrivial, leading to that the BC-BC correlation is very weakly assortative, i.e., the mean BC of neighbors of a certain vertex with BC g i is almost independent of g i . The degree-degree correlation ͓13,14͔ was investigated in terms of the correlation function between the remaining degrees of the two vertices on each side of an edge, where the remaining degree means the degree of that vertex minus one ͓6͔. First one defines the joint probability e d ( j,k) that the two vertices on each side of a randomly chosen link have j and k remaining degrees, respectively. Then the normalized correlation coefficient is defined as
where q d (k) is the normalized distribution of the remaining degree
Recently Newman called this quantity the degree assortativity coefficient ͓7͔. For the assortative ͑dissortative͒ networks, r d is positive ͑negative͒, and for the neutral networks, r d ϭ0. On the other hand, the degree-degree correlation was also investigated in terms of the mean degree of neighbors of a vertex with degree k, denoted by ͗k nn ͘(k) ͓15͔ . For the assortative ͑dissortative͒ networks, ͗k nn ͘(k) increases ͑decreases͒ with increasing k, while the neutral networks, ͗k nn ͘(k) is independent of k.
To study the BC-BC correlation, we introduce the BC-BC correlation coefficient, called the BC assortativity coefficient, in analogy with Eq. ͑2͒ as
where e b (ᐉ,m) is the joint probability that the BCs of the two vertices of a link are ᐉ and m and b (q)
Moreover, similarly to ͗k nn ͘, we define the mean BC of neighbors of a vertex with BC g, denoted by ͗g nn ͘(g), through which we can check if the BC-BC correlation is assortative or dissortative.
We first check the BC-BC correlation for the network of the Internet on the level of autonomous systems as of January 2000 ͓16͔ and the so-called nondegenerate configuration model with ␥ϭ3 ͓14,17,18͔, which belong to the dissortative and the neutral network, respectively. For these networks, r b is Ϫ0.16 (Ͻ0) and 0.02, respectively, which is close to their r d values of Ϫ0.18 and 0.01, respectively. Moreover, ͗g nn ͘ ϫ(g) behaves similarly to ͗k nn ͘(k) as shown in Fig. 1͑a͒ and 1͑b͒. However for the assortative networks, the coauthorship network for example, r b is considerably smaller than r d often by one order of magnitude and is close to zero. The comparison of r b and r d for various social networks are tabulated in Table I . The mean BC ͗g nn ͘(g) of neighbors of a vertex with BC g increases with increasing g, however, the increasing rate is very low compared with that of ͗k nn ͘(k),
i.e., it depends on g very weakly ͓Fig. 1͑c͔͒. Such a behavior appears in other social networks too. Since BC is regarded as a good measure of centrality, it implies that the mean influence of neighbors of a person is almost the same regardless of the influence of the centered person. So a person is surrounded by almost the same influential people on average no matter how influential the centered person is, although a person who acquaints many people is likely to connect to people who also acquaint many others.
To understand the abnormal behavior of the BC-BC correlation in detail, we examine the degree-BC relation. In Fig.  2 , we compare the degree-BC relation g(k) for the three types. While the relation of Eq. ͑1͒ holds for the dissortative and the neutral networks, it breaks down for large k for the assortative networks. Rather the BCs of large k vertices cover wide range of values. Since the vertices with large degree are located next to each other in the assortative network, the shortest pathways between a certain pair of vertices do not necessarily pass through such nearby hubs at the same time. Thus the BCs of the vertices with large k fluctuate and the degree-BC correlation is nontrivial. Next, we compare the clustering coefficient C(k) as a function of degree k with that C(g) as a function of BC g in Fig. 3 . Again for the assortative and the neutral network, the two functions almost overlap, however, for the assortative network, the two functions are distinct.
To compare the contributions of degree and BC to the robustness of networks, we also study the relative size of the giant cluster S as a function of the fraction of removed vertices f ͓22͔. We measure S in the two ways of vertex removal following the order of ͑i͒ degree and ͑ii͒ BC for an assortative network. Figure 4 shows the data for the coauthorship network in the neuroscience field. The relative size S by the vertex removal in BC order decreases faster than in degree order up to f Ӎ0.15, however, for f Ͼ0.15, the two data sets almost overlap. That is because the degree-BC relation of Eq. ͑1͒ holds up to roughly g*Ӎ8 and breaks down beyond g*, which corresponds to k*Ӎ15. The fraction of vertices having degree kϾk* is roughly f Ӎ0.15. We note that from the point of view of intentional attack, attack in BC order is more efficient than in degree order.
In conclusion, we have examined the BC-BC correlation for the three types of scale-free networks, the dissortative, the neutral, and the assortative network. While the BC-BC correlation behaves similarly to the degree-degree correlation for the first two types, the BC-BC relation is nontrivial for the last type, and the mean BC of neighbors of a vertex with BC g i increases with increasing g i but very weakly, being almost independent of g i . Such a behavior arises from the fact that the BC of the vertex with large degree is not always high, but takes rather widely ranged values. 
